Purpose of Review Colorectal cancer (CRC) is the fourth most common cancer in both men and women in the USA, resulting in over 55,000 deaths annually. Environmental and genetic factors influence the development of CRC, and inflammation is a critical hallmark of cancer that may arise from a variety of factors. While patients with inflammatory bowel disease (IBD) have a higher risk of developing CRC, sporadic CRCs may engender or be potentiated by inflammation as well. In this review, we focus on recent advances in basic and translational research utilizing murine models to understand the contribution of inflammatory signaling pathways to CRC. Recent Findings We discuss advances in the utility of threedimensional enteroid/colonoid/tumoroid cultures to understand immune-epithelial interactions in CRC, as well as the potential for utilizing patient-derived tumoroids for personalized therapies. Summary This review underscores the importance of understanding the complex molecular mechanisms underlying inflammation in sporadic CRC and highlights up-and-coming or new avenues for CRC biomarkers or therapies.
Introduction
Colorectal cancer (CRC) is the fourth most common cancer in both men and women in the USA. Despite significant advancements in early diagnosis and treatment, it remains the third leading cause of cancer-related deaths in the USA and accounts for over 55,000 deaths annually [1] . Both environmental and genetic factors influence the development of CRC, with >70% of cases classified as sporadic. Patients with hereditary CRC syndromes such as familial adenomatous polyposis (FAP), Lynch syndrome, Peutz-Jegher's syndrome, Juvenile Polyposis syndrome, and MUTYH-associated polyposis (MAP) are at substantially increased risk for CRC and, in some instances, cancers outside of the GI tract. Additionally, inflammatory bowel disease (IBD), in particular ulcerative colitis, represents a separate entity in which the risk of CRC is increased. The incidence of CRC in IBD patients (i.e., colitis-associated cancer or CAC) was reported to be up to 60% higher than the general population [2] . Sporadic CRCs may also demonstrate a prominent inflammatory response, known as tumor-induced inflammation. Both sporadic CRC and CAC share similar genetic alterations; however, there are heterochronic differences in key genes or pathways that distinguish the two types. For example, early mutations in the tumor suppressor gene Adenometous Polyposis Coli (APC) are a key feature in sporadic CRC (subtype annotated by chromosomal instability), whereas APC mutations occur late in the progression of CAC; however, the converse has been demonstrated for tumor suppressor gene TP53 [3, 4] .
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While inflammation is understood to be an important driver of tumorigenesis in CAC, the role of inflammation in sporadic and hereditary CRC is nuanced. Mounting evidence suggests that treatment with anti-inflammatory medications may prevent or delay the development of CRC in hereditary and sporadic cases [5] , underscoring a potentially ubiquitous role of inflammation in the development and progression of all types of CRC. Recently, the description of four consensus molecular subtypes (CMSs) provided a means for grouping CRCs with distinguishing features, with the goal of promoting more effective and personalized therapeutic strategies [6, 7••, 8•] . Within these subtypes, investigators have evaluated immune and stromal gene expression data [9] . Based on these studies, CMS1 ("MSI immune", 14%) and CMS4 ("mesenchymal", 23%) CRCs exhibit enrichment in lymphoid and myeloidspecific genes, suggesting that these subtypes of sporadic CRCs are "inflammatory." Critically, patients subtyped as CMS1 exhibited worse survival after relapse and CMS4 patients exhibited poorest overall and relapse-free survival [7••] . Taken together, these data underscore the importance of a comprehensive understanding of inflammation in the context of sporadic CRC.
Inflammation is a hallmark of cancer and may arise from a variety of factors, including infection, environmental carcinogens (tobacco, alcohol, and radiation), cellular senescence, and obesity [10, 11] . However, inflammation can play dual roles in the context of cancer. Targeting of specific cancer cells by cytotoxic T-lymphocytes (CTLs) or dampening of nonspecific inflammation by regulatory T cells (T-regs) may contribute to an anti-tumorigenic response. These protective responses are commonly associated with Th1 polarization and correlate with reduced CRC recurrence [12] . The inflammasome complex can also induce cellular apoptosis in the context of foreign antigens or DNA damage via various sensors and inflammatory cascades [13] . In contrast, nonspecific chronic inflammation, observed frequently with Th17-related cytokines, provides proliferative signals or induces additional mutations to promote carcinogenesis, and is associated with poor survival [12, 14••] .
The important cell types in cancer-associated inflammation include the innate immune system (neutrophils, macrophages, innate lymphoid cells, intraepithelial lymphocytes, myeloidderived suppressor cells, and natural killer cells), adaptive immune cells (B and T lymphocytes), intestinal epithelial cells (including Paneth cells), and other stromal cells (fibroblasts, endothelial cells/pericytes, mesenchymal cells, adipocytes, and neurons) [10] . Cross-talk among these cell types is predominantly through a network of cytokines, chemokines, and other growth factors. Specific signaling of these secreted factors is dependent on receptor availability among these cells and can induce either tumoricidal or growth-promoting activities. In the current review, we will summarize recent advances in our understanding of inflammation and colorectal cancer, with an emphasis on trends in basic and translational research from the past 5 years.
Inflammatory Signaling Pathways in Colorectal Cancer: Insights from Murine Models
Current knowledge in understanding the inflammatory factors of CRC has been elucidated through analysis of two major mouse models (Table 1) . Treatment of mice with dextran sulfate sodium (DSS) has been used since the early 1990s to mimic chronic inflammation and tumor formation in the colon, reflective of CAC [15, 16] . Multiple rounds of DSS in drinking water, followed by a latency period, induces sessile lesions and rates of dysplasia and adenocarcinoma similar to those seen in ulcerative colitis (UC) patients (i.e., 15-20%), a subtype of IBD. Azoxymethane (AOM), a carcinogen, is added to this model to improve efficiency of dysplasia and adenocarcinoma development. AOM with DSS induces stabilization and nuclear translocation of β-catenin by mutating exon 3 of the Ctnnb1 gene [17, 38] , as well as by causing common molecular changes in CRC, such as upregulation of COX-2 and iNOS, and p53 loss [17] .
A second mouse model of CRC utilizes mutations in the adenomatous polyposis coli (Apc) gene and reflects many features of sporadic CRC. Mutations in APC were first described in patients with FAP, a hereditary form of CRC, which begins with florid adenoma development in the colon and 100% rate of progression to adenocarcinoma [49] . APC sequesters β-catenin in the cytoplasm, thus preventing the nuclear translocation of β-catenin and transcription of proproliferative genes in the Wnt signaling pathway, such as CCND1 and MYC [50] . Mutations in APC are also commonly found in sporadic colorectal cancer [51] . A mouse model derived from a chemical mutagenesis screen was found to have multiple intestinal neoplasia (min) and was later mapped to a truncating mutation in the Apc gene [22, 52] . Interestingly, these mice exhibited a small intestinal phenotype, whereas humans with APC mutation develop adenomas in the colon. Other truncations in Apc are also utilized to model CRC, with varying tumor penetration and location of disease (Table 1) . By utilizing targeted mutations of Apc with specific promoters, such as Cdx2, investigators are able to better reflect human disease with a distal colonic distribution of lesions [26] . Most studies evaluating inflammatory mechanisms in CRC utilize one or both of the above-described models, which are summarized in Table 1 .
Interleukin-10 (IL-10)
The role of IL-10 in CRC remains controversial, as elevated serum levels correlate with poorer survival in humans [53] , while several mouse models have demonstrated protective Gounari et al. [23] Villin-Cre; Apc roles of IL-10 in the context of both downregulating inflammation as well as promoting cytotoxic functions. Global IL-10-deficient mice developed severe colitis and adenocarcinoma of the colon by 6 months of age [20] . These pathological changes were marked by increased levels of CD4 + cells and macrophages in the lamina propria, along with associated elevated levels of TNFα, IL-6, and nitric oxide (NO) [20, 21] . In CAC, IL-10 may be critical in limiting a pathogenic Th17 inflammatory response [27] . Consistent with murine studies, impaired IL-10 signaling is observed in IBD patients, and mutations in the IL-10 receptor have been described in Crohn's disease [54] . In a spontaneous CRC model with an Apc Δ468 mutation, ablation of IL-10 in the T cell-only population phenocopied the polyposis and inflammation of ubiquitous IL-10 loss, suggesting that T cells are main contributors to inflammation in the colon [29••] . In the small intestines, polyposis development was initially delayed, but mice that lacked IL-10 in the T cell compartment eventually succumbed to more invasive carcinoma [28] . 
Interferons (IFN)
IFNs have been well described previously in providing host immunity, as they are produced by Th1 CD4 + , cytotoxic CD8 + , and natural killer (NK) cells in order to induce apoptosis in effector downstream cells [56] . Of note, IFN-γ may also be produced by Th17 cells to induce pathogenic responses [57] . Nevertheless, loss of one copy of IFN-γ, a type II interferon in the background of Apc min/+ mice, demonstrated faster progression to colonic adenocarcinoma, through elevated expression of Wnt2 and elevated levels of activated EGFR and ERK1/2 [30] . A mechanism by which CRC cells evade the tumoricidal effects of interferon signaling is through downregulation of type I interferon receptor chain IFNAR1, which limits the therapeutic response of anti-PD1 therapy, an immune checkpoint inhibitor [32••] . Infra S526A mice, which are deficient in ubiquitination and proteasomal degradation of INFAR1, exhibited a significant reduction in tumor number and prolonged survival compared to wild-type controls in CAC. Pharmacological stabilization of INFAR1 through small molecules that inhibit p38α and protein kinase 2 (PKD2), two kinases that downregulate INFAR1, inhibited tumor growth in an implantable model of CRC. Considering the dose-limiting side effects of interferon therapy, the stabilization of interferon receptors in conjunction with immune checkpoint inhibitor therapies may be an avenue of further investigation in CRC treatment.
IL-23/IL-17 Axis
Th17 cell polarization and production of its related cytokines, IL-17A, IL-17F, IL-21, IL-22, TNF-α, and IL-6, provide a pro-tumorigenic inflammatory response and are frequently associated with poor prognosis in CRC [12, 58] . During homeostasis, Th17 cells exert host defenses against microbial substances and have been implicated in a variety of autoimmune diseases, such as IBD, psoriasis, and rheumatoid arthritis [59] . In contrast, in CRC, effector functions of Th17-related cytokines include the following: promoting pro-growth STAT3, NF-κB, and β-catenin pathways, recruitment of myeloidderived tumor cells (MDSC) in order to promote an immunosuppressive environment, and induction of pro-angiogenic factors [58] . In both sporadic CRC and CAC mouse models, IL-23 induces Th17 cell activation, which accelerates and increases tumor load [14••] . Barrier defects during CRC progression increase penetration of microbial products to drive IL-23 production by tumor-associated myeloid cells. Interestingly, NADPH oxidase protein p47PHOX acts upstream of IL-23 but negatively regulates IL-12 (a regulator of Th1 differentiation) [34] . IL-17A may be a key effector of the Th17 response, as Il17ra knockout mice in CAC showed similar results in reduced tumor burden. IL-17C, also produced by Th17 cells, can promote cancer cell survival through activation of BCL-2 and BCL-X L [33] . In an infectious mouse model of CAC, innate lymphoid cells (ILCs) can contribute to the Th17-related cytokine population and drive invasive tumor progression through STAT3 signaling [19] . Depletion of ILCs or their cytokine products, IL-22, IL-17, or IFN-γ, reduced the presence of tumors [19] . In contrast, in human cancers, IL-17 is predominantly produced by γδT cells, which are activated by IL-23 from tumor-infiltrating dendritic cells and elicit MDSC-mediated immunosuppression to promote tumorigenesis [60] .
Interleukin-6 (IL-6)/Signal Transducer and Activator of Transcription 3(STAT3) Signaling Pathway
IL-6 is frequently found in the tumor milieu of both mouse and human CRCs and is associated with poorer survival and relapse [61, 62] . IL-6 induces Th17 cell differentiation and regulates downstream STAT3 signaling in order to induce survival and proliferation of cancer cells [41, 63] . STAT3, a transcription factor that is induced by gp130 dimerization (upon binding of IL-6 or IL-11), promotes tumor growth and induces anti-tumoral immunity specifically through the epithelial compartment [43, 64] . Recently, IL-11, a member of the IL-6 family, was shown to be an effective promoter of tumorigenesis in mouse CAC and associated with STAT3 activation in human samples [46] . Mutein, a potent IL-11 antagonist, reduced tumor number and size by limiting STAT3 activation and its downstream effects [46] . Inhibiting STAT3 signaling with NT157, an inhibitor of insulin-like growth factor-1 (IGFR-1R), also reduced tumor burden in sporadic models of mouse CRC [65] . IL-22, which has previously been ascribed to protect epithelial cells from bacterial infection or inflammatory damage, induced epithelial STAT3 activation, in order to drive cancer stemness, via upregulation the methyltransferase DOT1L [66•] . Altogether, convergence of multiple pathways on STAT3 signaling support the notion of STAT3 as a critical node in CRC progression and immune evasion and a potent avenue for therapeutic targeting, as targeting of single cytokines or even groups of cytokines may not fully inhibit STAT3 activation effectively [67] .
NF-κB Signaling
NF-κB signaling is an integral promoter of inflammation in both homeostasis and cancer, with multiple downstream targets such as IL-6, IL-8, and COX-2, among others [68] . In the context of the gut, loss of NF-κB signaling in the epithelial compartment demonstrated increased susceptibility to inflammation but protection from tumorigenesis, through increased apoptosis, via upregulation of the Bcl-X L pathway [38, 69] . Correspondingly, constitutively active IKKβ (a kinase in the NF-κB signaling pathway) in the epithelial compartment led to prolonged activation of NF-κB and accelerated development of colorectal tumors with increased DNA damage, associated with iNOS upregulation [39] . Loss of IKKβ in the myeloid compartment reduced pro-inflammatory mediators and slowed tumor growth [38] . NF-κB signaling in intestinal mesenchymal cells has recently been shown to promote tumorigenesis, but only in the setting of CAC and not spontaneous CRC, suggesting that NF-κB may be critical in perpetuating inflammation [40] . Interestingly, mutant p53 (in cancer cells) can prolong NF-κB activity by co-opting activators to NF-κB response elements and drive CAC by increasing levels of IL-8 and IL-6 [70•] . Considering that p53 mutation is an early event during CAC, earlier genetic screening of IBD patients for mutations in p53 warrants further investigation.
PGE2 Pathway
The role of NSAIDs in reducing the relative risk of colorectal adenoma underscores the contribution of the cyclooxygenase pathway in the pathogenesis of disease [5] . The cyclooxygenases COX1 and COX2 are enzymes that convert arachidonic acid to prostaglandin G2 and then to prostaglandin H2. Disruption of the gene encoding COX2, Ptgs2, in sporadic mouse models of CRC demonstrated reduction in tumorigenesis [47, 48] . These data are supported by similar phenotypes in Ptgs1 knockout mice and in complementary experiments of prostaglandin treatment in mice [48] . Many of these earlier studies proposed that COX-2's role in generating PGE2 is important for angiogenesis, cell survival, and activation of WNT pathways [71] . More recently, PGE2 was shown to be involved in immune evasion by modulating bone marrow-derived mononuclear cells [72] . In an implantable model of colorectal cancer cell lines, COX-2 inhibition along with PD-1 inhibition had additive effects in inducing tumor regression. Therapeutically, there may be additional benefits of combining PD-1 blockade along with COX-2 inhibition. To date, there have been two phase 2 trials examining the effects of PD-1 inhibition on microsatellite instability positive metastatic colorectal cancer [73] an area that is receiving much attention.
Epithelial Cells in Colorectal Cancer Inflammation Inflammatory Mediators in Tumor-Initiating Cells
Tumor-initiating cells (TICs) are a sub-population of the bulk tumor that harbors "stem-like" characteristics and are thought to confer resistance to therapies. In CRC, TICs may be identified by a combination of surface expression markers including CD24, CD44, CD133, and ALDH1, among others [74] [75] [76] . Mounting evidence suggests functional roles for inflammation in driving TIC phenotypes in CRC, likely via convergence with canonical stem cell pathways (i.e., Wnt signaling) [77] . Several studies have demonstrated that CRC TICs express high levels of phosphorylated STAT3 and are sensitive to STAT3 inhibition [78, 79, 80] . A recent study by Kryczek et al. revealed that IL-22 produced by CD4+ T cells led to induction of STAT3, which conferred CRC cell "stemness" [66•] . This is consistent with data in normal intestine demonstrating that IL-22 enhances organoid growth in a STAT3-dependent manner [81] . Similarly, high levels of NF-κB have been described in cells with a TIC phenotype [81] , and studies suggest that NF-κB enhances Wnt activation and tumor-initiating capacity [82, 83, 84] .
Paneth Cells are Hubs for Epithelial Inflammation
Paneth cells are specialized, secretory cells located at the intestinal crypt base, where they secrete antimicrobial products and stem cell niche factors [85] . Paneth cell dysfunction has been demonstrated to promote inflammation or susceptibility to inflammation, contributing to the notion of Paneth cells as a hub of epithelial cell inflammation and homeostasis [85, 86] . While Paneth cells are abundant in the small intestine, they are sparsely found in the normal colon and restricted to the proximal region. The presence of Paneth cells outside of the small intestine is commonly referred to as Paneth cell metaplasia and can be found in patients with IBD and colorectal cancer [87•, 88-90] . Recent studies have correlated Paneth cell-containing adenomas with increased risk of colorectal neoplasia [91] , whereas other studies found no association between Paneth cells and synchronous advanced adenoma or colorectal carcinoma [92] . 
Three-Dimensional Primary Cultures to Evaluate the Role of Inflammation in Colon Carcinogenesis
Studies in cell lines and mouse models are critical to advancing our understanding of the pathways driving inflammationassociated carcinogenesis, yet translating new findings to patient care remains a consistent challenge. Recently, enteroids/ colonoids (three-dimensional (3D) cultures derived from normal, stem cell-containing intestine/colon) and tumoroids (3D cultures derived directly from tumors) have gained traction as tools for mechanistic studies as well as to fill an important, pre-clinical gap between basic science discovery and clinical utility [95, 96] . The development of a readily reproducible 3D culture system for normal intestinal and colon stem cells was first described in 2009 [97] , and this technique has since evolved as a new tool in the study of colorectal cancer [95, 96, 98, 99] . Evaluation of morphological and phenotypic Fig. 1 Steps to utilize 3D enteroids/colonoids/tumoroids for co-culture experiments. a Enteroid/colonoid/tumoroid cultures can be grown readily from normal crypt (stem-cell containing) epithelium or tumors from mouse models or patient tissue. b Studies demonstrating co-cultures of enteroid/colonoid/tumoroid with various inflammatory components are rapidly emerging. Considerations for co-culturing include: Which immune/stromal cell co-culture experiment will answer my experimental question? Can this immune/stromal cell type be readily purified from mice/humans for use in co-culture experiments? Will the co-cultured cells survive in 3D enteroid growth conditions? If possible, will the co-culture cells express a fluorescent reporter? c Co-culture platform must be considered and can include co-mingling of enteroid cells with immune/stromal cells (permitting direct interaction), growing adherent cells (such as fibroblasts) and then layering enteroids in 3D matrix on top of the layer of adherent cells, or evaluating dissociated enteroids grown as monolayers on semi-permeable supports with coculture cells added to the upper (apical) or lower (basolateral) chamber. d Analyses of co-cultures can include using biochemical or immunohistochemical analyses of morphology, proliferation, and cell death, gene expression studies, drug sensitivity, and functional tests including transepithelial migration and barrier function parameters of colonoids/tumoroids provides a more physiological environment than 2D cell culture and, importantly, for the evaluation inflammation-associated colorectal cancer, a means to evaluate specific mechanisms ex vivo as well as inflammatory niche factors on cell survival and proliferation.
In recent years, there has been an increase in studies utilizing 3D cultures to dissect specific mechanisms of inflammation and colorectal cancer. Recent studies demonstrated that sequential CRISPR/Cas9-mediated mutations in APC, TP53, SMAD4, K-RAS, and PIK3CA in human colonoids can recapitulate growth in the absence of exogenous growth factors in vitro, as well as the ability to grow in transplantation models [100] . It would be interesting to recapitulate these experiments using inflammatory or parainflammatory gene mutations to study the step-wise mutational progression in inflammation-associated or colitisassociated CRC. Indeed, numerous studies have described mechanisms of crosstalk between Wnt signaling, proliferation, and inflammatory pathways (STAT3, NFkB) in the gut [43, 82] . Additional studies have utilized enteroids to understand epithelial cell-specific mechanisms in knockout mice exhibiting increased or decreased susceptibility to AOM/DSS treatment. For example, enteroids from selenoprotein P (SEPP1) knockout mice, which exhibit decreased susceptibility to AOM/DSS tumorigenesis, displayed increased proliferation, increased reactive oxygen species (ROS) production and DNA damage, and decreased survival following H 2 O 2 treatment, suggesting a distinct role for epithelial SEPP1 in colon tumorigenesis [101] . This is consistent with the notion that proliferation, downstream of inflammation, may set the stage for enhanced DNA damage and mutations [102] .
In addition to evaluating epithelial cell autonomous effects in enteroids, stromal cells can be co-cultured with epithelial enteroids/colonoids in order to dissect mechanisms of specific cell-cell interactions. Stromal populations co-cultured with intestine/colon organoids include intraepithelial lymphocytes (IELs, a heterogenous T cell population), macrophages, intestinal myofibroblasts, and neurons [103•, 104-106] . A recent co-culture study using normal intestinal enteroids together with IELs demonstrated an increase in IEL numbers with cytokine (IL-2/−7/−15) stimulation, thus combining co-culture approaches with evaluation of exogenous inflammatory niche factors [103•] . Future strategies may include utilizing enteroid/ colonoid co-cultures to pair isolated stromal/immune cells from CRC patients (or mouse models) with healthy colonoids (and vice versa) in order to understand the relative and specific contributions of each cell type (Fig. 1) . In addition, co-culturing with other pro-tumorigenic stromal cells (granulocytes, endothelial cells, and pericytes) or perhaps multiple stromal cell types together will allow for i n v i t r o r e c a p i t u l a t i o n o f t h e i n f l a m m a t o r y microenvironment with tumoroids that may facilitate discovery more quickly than complex genetic mouse models.
Conclusions
Understanding the role of specific inflammatory mediators in CRC is essential for improving screening, diagnosis, and therapeutic strategies for patients. While the essential inflammatory pathways (STAT3, NF-κB, and associated cytokines) are themselves understood to be drivers of inflammation and tumorigenesis, the relative contribution, crosstalk, and cell-type specific effects are only recently being comprehensively defined. In addition, alterations in the gut microbiome contribute to the pathogenesis of colorectal cancer in the context of inflammation. The generation and characterization of genetically engineered mouse models are critical to advancing our understanding of the complex roles of inflammatory signaling cascades in CRC, and the advent of CRISPR/Cas9 approaches for mouse genome editing will likely accelerate the ability to test cell type-specific effects of multiple pathways within the same animal. In addition, 3D enteroid/colonoid/tumoroid cultures may be utilized as tools for understanding mechanisms of crosstalk between epithelial and inflammatory/stromal cells, and patient-derived cultures will allow for characterization and therapeutic evaluation for personalized care. With the incorporation of existing and new technologies, including mouse models and 3D cultures, we will continue to develop our understanding of the intimate relationship between inflammation and CRC in order to improve therapies for CRC.
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